The tumor suppressor p53 protein is known to play a critical role in apoptosis. In normal human diploid fibroblasts (HDFs), expression of the human papillomaviral (HPV) E6 gene results in a reduction of p53 protein and an inhibition of oxidant induced apoptosis within 24 h. In comparison, expression of the HPV E7 gene causes down-regulation of Rb protein without inhibiting apoptosis. Here we determine whether HDFs expressing E6 undergo cell death with a delayed time course following H 2 O 2 exposure. Appearances of caspase-3 activity, cell detachment, trypan blue uptake and aberrant nuclei were all delayed in E6 cells compared to wild type (wt) or E7 cells. A mutant E6 gene that failed to reduce p53 could not delay cell death. Morphological examination revealed nuclear condensation in dying wt or E7 cells but nuclear fragmentation in E6 cells. Flow cytometry analysis indicated an S phase distribution of dying wt or E7 cells but a G2/M phase distribution of dying E6 cells. An elevation of cyclin B was observed in dying E6 cells but not in apoptotic E7 cells. Dying E6 cells also had elevated levels of cdc-2 protein and histone kinase activity, suggesting that the cells died at mitosis. Electron microscopy studies showed that E6 cells may die at prophase or prometaphase. Overexpression of bcl-2 resulted in an inhibition of both caspase-3 and death of E7 or E6 cells. Inactivating caspases with zVAD-fmk also reduced the death rate of E7 and E6 cells. Our data indicate that expression of HPV E6 causes a delay and morphological modification of cell death induced by oxidants. E6 cells die at mitosis, which can be inhibited by bcl-2 overexpression or caspase inhibition.
Introduction
Cell death plays an important role in regulating tissue homeostasis. Programmed cell death takes place during the process of development and is essential for the orderly formation of tissues or organs. Post development, cell death often occurs to eliminate damaged cells. Necrosis and apoptosis are two forms of cell death observed after injury or toxic stress. Traditionally, these two forms of cell death are divided by morphological and biochemical criteria. While necrosis is defined as a fast motion cell death involving cell swelling and plasma membrane rupture, apoptosis is thought to be a slow motion cell death involving nuclear condensation, cell shrinkage and loss of cellcell or cell -substrate contact (Hale et al., 1996; Majno and Joris, 1995; Thompson, 1995) . In vivo, necrosis causes release of intracellular components and initiates an inflammatory response. In contrast, apoptotic cells are degraded or removed by phagocytes and the process does not usually produce an inflammatory response (Hale et al., 1996; Thompson, 1995) . However, there is considerable variation in the nomenclature of cell death. Toxicological pathologists term cell death by shrinkage as apoptosis and by swelling as oncosis (Levin et al., 1999; Majno and Joris, 1995) . Necrosis defines collectively morphological changes of cell death occurring in the nuclei such as karyolysis, pyknosis and karyorrhexis and in the cytoplasm such as condensation, fragmentation and loss of structures (Levin et al., 1999; Majno and Joris, 1995) . Regardless of the terminology, cell death is not a uniform process. The morphology and biochemistry of cell death may vary by cell type, environment and stimulus.
Apoptosis induced by damaging agents involves a few common molecular changes among various cell types. A release of cytochrome c from mitochondria causes an activation of caspase 9, which initiates a cascade of proteolytic cleavage carried out by multiple caspases (Green and Reed, 1998) . Members of the bcl-2 family can regulate mitochondrial release of cytochrome c (Adams and Cory, 1998; Chao and Korsmeyer, 1998) . While bax protein can cause the formation of mitochondrial membrane channels that release cytochrome c, bcl-2 protein has been shown to prevent mitochondrial release of cytochrome c (Yang et al., 1997) . Overexpression of bcl-2 can inhibit apoptosis induced by a variety of damaging agents. Regardless, activation of caspases as a result of cytochrome c release can ultimately lead to degradation of cellular components and finally cell death.
The tumor suppressor protein p53 is required for apoptotic cell death induced by many damaging agents. Although the role of p53 in apoptosis has not been fully defined, it appears that in some systems p53 can induce the expression of the bax gene but suppress the expression of the bcl-2 gene (Sheikh and Fornace, 2000) . Recent studies link p53 to regulating redox sensitive genes and causing endogenous oxidant production (Polyak et al., 1997; Sheikh and Fornace, 2000) . Paradoxically, exposing cells to oxidants causes elevation of p53 protein (Chen et al., 2000a) . Knocking out p53 can prevent oxidants or DNA damaging agents from inducing apoptosis (Chen et al., 2000a; Lowe et al., 1993; Sheikh and Fornace, 2000) . However, it is not clear how the cells deal with such damage in the absence of p53. We hypothesize that inactivating p53 delays and modifies cell death induced by oxidants.
Among the many different cell types within our body, fibroblasts are the most abundant. They reside in essentially all organs and are the major component of connective tissue and the basement membrane. Fibroblasts maintain the architecture of tissues and serve as scaffolds on which other cells can function. Fibroblasts can be isolated from donors and maintained in tissue culture, allowing the study of the biochemistry and molecular biology of normal cells (i.e. non-tumor cells). In response to mild doses of oxidants, a small fraction of normal human diploid fibroblasts (HDFs), mainly those located in the S phase of the cell cycle, undergo apoptosis (Chen et al., 2000a) . Using HDFs, we tested the hypothesis that inactivating p53 with E6 delays cell death and studied the mechanism related to p53 independent cell death.
Results

E6 cells die with a delayed time course
Expression of HPV type 16 E6 in IMR-90 HDFs results in a reduction of p53 protein (Chen et al., 1998 (Chen et al., , 2000a . In comparison, expression of HPV E7 protein reduces the basal level of Rb protein and serves as a negative control for studying the effect of HPV E6 on oxidant-induced cell death. To determine the response of E6 expressing cells to oxidants, cells seeded at an equal density (2610 6 cells per 100 mm dish) were treated with 150 mM H 2 O 2 for 2 h. The cells were placed in fresh medium after the treatment to eliminate the possible consequences of nutrient deprivation due to oxidation of growth factors in the medium by H 2 O 2 treatment.
To test whether E6 cells eventually die following oxidant treatment, we measured the activity of caspase-3 using a fluorgenic substrate acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (DEVD-AMC) over a course of 5 days. Cells carrying the empty retrovector pLXSN (pLXSN cells), expressing the E6 gene (E6 cells) and expressing the E7 gene (E7 cells) were cultured in parallel and treated with H 2 O 2 at similar PDLs (PDL430). In pLXSN cells, caspase-3 activity reached the highest level at 16 h and returned to the basal level 48 h after H 2 O 2 treatment (Figure 1) . A similar time course of caspase-3 activity was observed in E7 cells, although a greater degree of caspase-3 activation was observed with H 2 O 2 treatment in E7 cells than pLXSN cells (Figure 1) . In contrast to pLXSN or E7 cells, caspase-3 activity in E6 cells began to increase at 16 h and reached the highest level at 3 to 5 days after H 2 O 2 treatment. Comparison of the time courses between pLXSN, E6 or E7 cells indicates a delay of caspase-3 activation in E6 cells.
HDFs are adherent cultures. The cells become rounded, detach and float into the medium when they undergo apoptosis (Chen et al., 2000a) . Such morphology was observed in E7 cells (Figure 2a ). In this photograph (Figure 2a) , the poor focus of most H 2 O 2 -treated E7 cells indicated that the detached cell (which was the focus point) was floating in the medium (Figure 2a ). Detachment also occurred in E6 cells, although the detached cells remained close to the adherent cells (Figure 2a ). Cell detachment was observed within 24 h in pLXSN and E7 cells (Figure 2b, c) . Quantification of detached cells indicated a delay in detachment of E6 cells (Figure 2d ). To demonstrate that the detached cells eventually died, plasma membrane integrity was measured by Trypan blue uptake over a course of 6 days. Only detached cells were found to be capable of taking up Trypan blue in a Apoptotic cells flip the phosphatidylserine from the intracellular side of the plasma membrane where it normally resides to the extracellular side of the plasma membrane. Annexin V binds to this phosphatidylserine on the surface of the apoptotic cells. We tested the Annexin V binding capacity of the detached E7 and E6 cells. While specific Annexin V binding was not observed in untreated or adherent cells surviving H 2 O 2 treatment, detached E6 or E7 cells were intensely stained with Annexin V fluorescence (Figure 3a) . The technical difficulty to detach the adherent HDFs prohibited us to quantify the apoptotic cells using a flow cytometry based Annexin V binding assay. To examine the nuclear morphology of detached E7 or E6 cells, we collected the cells floating in the medium, fixed the cells with ethanol and stained the cells with low concentrations of the DNA intercalating fluorescent dye propidium iodide (PI). While detached pLXSN or E7 cells showed nuclear condensation (Figure 3a) , detached E6 cells showed nuclear fragmentation (Figure 3a) . Since condensed or fragmented nuclei were distinct from normal nuclei, determining the fraction of condensed or fragmented nuclei after pooling floating cells with adherent cells, which had been detached by Trypsin treatment, allowed us to quantify the two different types of cell death. Scoring under a fluorescent microscope indicated that pLXSN or E7 cells showed a peak in the fraction of condensed nuclei at day 1 after H 2 O 2 treatment (Figure 3b ). The second peak of condensed nuclei at day 3 in E7 cells can be explained by the lack of G1 arrest (Chen et al., 1998) and the association of the type of cell death with an S phase distribution (see next section). In contrast, E6 cells showed mainly nuclear fragmentation and the fraction of fragmented nuclei peaked at 3 days after H 2 O 2 treatment ( Figure  3b ). Our data indicate that cell death involving nuclear fragmentation is slower than that involving nuclear condensation.
To further demonstrate that detached E6 cells are dying by apoptosis-like changes, we measured caspase-3 activation in the detached fraction. Caspase-3 activity measurement confirmed the activation of caspase-3 in the detached fraction of E7 or E6 cells (Figure 3c ). Western blot analysis for caspase-3 indicates a reduction of the 34 kD proenzyme and formation of 20 kD cleaved form (Figure 3c ), indicating that caspase-3 was indeed activated in the detached E7 or E6 cells. Since caspase-3 cleaves poly-ADP ribose polymerase (PARP), measurements of PARP cleavage further confirm caspase-3 activation in detached E7 and E6 cells. The signature 85 kD cleaved fragment of PARP, derived from 112 kD intact PARP, was observed in detached E7 or E6 cells (Figure 3c ). Detached cells were collected for measurements of DNA ladder formation or DNA degradation at day 1 Figure 3 Annexin V binding, changes in nuclear morphology and increase in caspase activity in detached E7 or E6 cells. E7 or E6 cells floating in the medium were collected by centrifugation at 24 h or 3 days respectively after 2 h 150 mM H 2 O 2 treatment for Annexin V binding assay using untreated E6 cells as a control or for PI staining using wild type untreated cells detached by Trypsin treatment as a control (a). Floating cells were combined with adherent cells detached by Trypsin treatment for scoring the fraction of condensed or fragmented nuclei over the course of 5 days (b). Floating cells and adherent cells were harvested separately at day 1 (E7 cells) or day 3 (E6 cells) for caspase-3 activity measurements or Western blot (c). The data are from one experiment representative of three (a) or are means+standard deviations of three samples from one experiment representative of three independent experiments (b,c) in response to a mild dose of oxidants by showing detachment, caspase-3 activation, nuclear alteration and Trypan blue uptake. Compared to wt or E7 cells, these changes are delayed in E6 cells.
To test whether the delay of cell death due to E6 expression results from the loss of p53 protein, we determined the effect of an E6 mutant gene on oxidantinduced cell death. HPV E6 protein facilitates the degradation of p53 protein. Since E6 is a viral protein, it is suspected that E6 may interact with cellular proteins other than p53. Mutation in certain residues of the E6 protein results in a loss of its ability to facilitate p53 degradation (Dalal et al., 1996) . For example, replacement of cysteine (C) at position 106 with arginine (R) eliminated the ability of E6 to bind p53 and to enhance the degradation of p53 (Dalal et al., 1996) . This mutant allowed us to verify that the observed delay in cell death and changes in nuclear morphology resulted from E6 -p53 interaction. As expected, expressing the C106R mutant E6 gene in IMR-90 cells did not reduce p53 protein level significantly ( Figure 4a ). Unlike cells expressing wt E6 gene, cells expressing the C106R mutant gene showed no nuclear fragmentation but only nuclear condensation, which peaked at day 1 (24 h) after H 2 O 2 treatment (Figure 4b ). These results support the possibility that reduction in p53 protein contributes to the delay of cell death as observed with wt E6 expression.
Association of E6 cell death with mitosis
Death of E6 cells showed a delay in time course compared to pLXSN or E7 cells, indicating the possibility that the E6 cells exit the cell cycle at a phase later than S phase, since wild type IMR-90 cells showed an S phase distribution when they undergo apoptosis following H 2 O 2 treatment (Chen et al., 2000a) . Detached cells were collected at day 1 (pLXSN and E7 cells) or day 3 (E6 cells) after H 2 O 2 treatment for flow cytometry analysis of DNA content. Detached pLXSN or E7 cells show an S phase distribution ( Figure 5 ). In contrast, detached E6 cells showed a G2/ M phase distribution ( Figure 5 ). The histograms also show an increase in sub G1 distribution of detached pLXSN, E6 or E7 cells ( Figure 5 ). This sub G1 distribution indicates an increase in cell death, since this measurement has been used by a number of laboratories as an indication of apoptosis. Regardless, our data suggest that detached E6 cells have exited at G2 or M phase as a result of H 2 O 2 treatment.
To distinguish whether the detached E6 cells exit at G2 or at M phase of the cell cycle, we determined levels of cyclin B and cdc-2 proteins. Along the cell cycle, an increase in cyclin B protein is required for G2 to M phase transition (Morgan, 1997; Pines, 1995) . A decrease of cyclin B in H 2 O 2 treated cells would indicate a G2 arrest, given the fact that the cells were distributed in the G2/M phases as revealed by flow cytometry studies. The level of cdc-2 protein does not usually vary very much along the cell cycle. A decrease Since not all cells are dying in response to oxidants, total cell lysates contain dying cells as well as surviving cells. The results above with total cell lysates may not address specifically whether the dying E6 cells exit at G2 or M phase. We collected detached cells and compared the level of cyclin B and cdc-2 in detached cells with that in untreated control harvested at the same time. Compared to untreated control, levels of cyclin B and cdc-2 decreased in detached E7 cells (Figure 6b ). In contrast, cyclin B and cdc-2 proteins showed elevations in detached E6 cells (Figure 6b ). These data, combined with the results from flow cytometry analysis, not only eliminate a G2 arrest but also suggest that mitosis might be associated with E6 cell death. Analysis of cdc-2 kinase (histone kinase) activity allowed us to further verify this possibility.
Differing from cells in the G1, S or G2 phase, mitotic cells contain elevated histone kinase activity (Earnshaw and Pluta, 1994; Morgan, 1997; Pines, 1995; Zachariae, 1999) . We measured histone kinase activity by an in vitro kinase assay using histone H1 as a substrate. The cdc-2 complex was isolated by immunoprecipitation from control untreated cells, H 2 O 2 treated cells combining detached versus attached fractions, and the detached fraction alone from the H 2 O 2 treated group. The results showed that total cell lysates of combined (attached plus detached) H 2 O 2 treated E6 cells contained some elevation of histone kinase activity compared to control (Figure 6c) . A greater degree of elevation of histone kinase activity was observed in detached E6 cells (Figure 6c) . In contrast, H 2 O 2 treated E7 cells did not show elevation of histone kinase activity (Figure 6c ). These data indicate that E6 cells likely died at mitosis.
Ultrastructural analysis allows us to further confirm the association of E6 cell death with mitosis. The detached E7 or E6 cells were collected after H 2 O 2 treatment for examination by electron microscopy using untreated pLXSN cells detached by Trypsin treatment as a control. A typical IMR-90 cell can be (Figure 7a) . The apoptotic cells shrunk considerably and required a magnification of 11 0006to achieve a similar resolution (Figure 7b) . A representative apoptotic E7 cell showed chromatin condensation and margination (Figure 7b ). Vacuolar structures were abundant in the apoptotic cells ( Figure  7b ). The morphology of dying E6 cells can be viewed at a magnification of 48006 (Figure 7c,d) . Almost all the dying E6 cells contain condensed but punctuated chromatin (Figure 7c,d) , resembling normal mitotic cells (Figure 7e ). Some dying E6 cells contained intact nuclear envelopes although a reduction in the density of the nuclear envelopes was observed (Figure 7c ). The majority of the detached E6 cells no longer contained the nuclear membrane (Figure 7d ), resembling prometaphase cells. Mitochondrial swelling and vacuolar structures were also observed in detached E6 cells (Figure 7c,d) . In brief, the electron microscopy analysis supports that the E6 cells die at mitosis.
Role of Bcl-2 and caspases in E6 cell death
Apoptosis has been shown to involve an imbalance between pro-apoptotic versus prosurvival factors of the bcl-2 family (Adams and Cory, 1998; Chao and Korsmeyer, 1998; Reed, 1997) . It is thought that this imbalance precedes the activation of caspases that control cell death. Overexpression of bcl-2 or inhibition of caspase activation has been shown to inhibit apoptosis in multiple experimental systems. We tested the role of bcl-2 overexpression or caspase inhibition in the death of E6 cells. The retrovirus mediated gene transfer technique was used to overexpress the bcl-2 gene in IMR-90 HDFs. The retrovector (pBabe) carrying the bcl-2 gene contains a puromycin resistant selection marker and allows us to select for cells expressing E7 or E6 plus the bcl-2 gene. E7 or E6 cells were infected with empty vector (pBabe) or bcl-2 retrovirus and were selected for puromycin resistance to ensure the expression of the bcl-2 gene. Western blot analysis indicated that puromycin resistant cells indeed express high levels of bcl-2 protein (Figure 8a ). E7 or E6 cells containing empty vector (pBabe) or bcl-2 transgene were treated with H 2 O 2 to quantify caspase-3 activity or aberrant nuclei (condensed or fragmented). The results showed that bcl-2 overexpression prevented H 2 O 2 from inducing caspase-3 activation or nuclear condensation of E7 cells (Figure 8b ). Bcl-2 overexpressing E6 cells showed reductions in caspase-3 activation or nuclear fragmentation compared to E6 cells infected with the empty vector (pBabe) in response to H 2 O 2 treatment (Figure 8c ). The results indicated that bcl-2 expression prohibited H 2 O 2 from inducing death of E6 cells.
The fluoromethyl ketone of z-Val-Ala-Asp (zVADfmk) is a general inhibitor of caspases. We treated E7 or E6 cells with zVAD-fmk during and after H 2 O 2 treatment. Caspase-3 activity was measured by cleavage of fluorgenic DEVD-AMC at 16 h for E7 cells or 48 h for E6 cells. The results indicate that z-VAD-fmk inhibited caspase-3 activation following H 2 O 2 treatment in E7 or E6 cells (Table 1) . Quantifying aberrant nuclei indicated an inhibition of nuclear condensation in E7 cells and a partial inhibition of nuclear fragmentation in E6 cells (Table 1 ). These data indicate that death of E6 cells is partially if not completely dependent on caspase activation.
Discussion
This study indicates that expression of HPV E6 delays cell death induced by oxidants in HDFs. Normally cells distributed in the S phase of the cell cycle respond to oxidant treatment by elevating p53 and undergoing apoptosis within 24 h (Chen et al., 2000a) . E6 cells are resistant to apoptosis within this time frame. With an expanded time course of 3 days or more, it is evident that E6 cells undergo cell death accompanied by similar biochemical changes but different morphological changes compared to that of wt or E7 cells. The similarities between the two types of cell death include cell detachment, binding of Annexin V on the surface of the plasma membrane, activation of caspases and inhibition by bcl-2 overexpression. Detailed analyses of the DNA content, levels of cyclin B, activity of histone kinase and ultrastructure of dying cells suggest that E6 cells die at mitosis. The morphological changes of dying E6 cells argue against the type of cell death being apoptosis. Dying wt and E7 cells showed cell shrinkage, chromatin condensation and chromatin margination. These morphological changes are typical of apoptosis (Levin et al., 1999; Majno and Joris, 1995) . In contrast, dying E6 cells show enlargement or some degree of swelling. Electron microscopy analyses revealed swelling of mitochondria, vacuolar structures, chromatin condensation and reduction of nuclear membrane density or loss of nuclear membrane. These changes suggest that the death of E6 cells falls into the category of oncosis (Levin et al., 1999; Majno and Joris, 1995) . However, oncosis typically evolves rapidly and involves increases in plasma membrane permeability in the early stage of cell death (Levin et al., 1999; Majno and Joris, 1995) . E6 cells did not show clear signs of dying until 48 h after H 2 O 2 treatment and cells detached prior to plasma membrane leakage. These may not be the typical features of oncosis.
An important finding from this study is the coupling of mitotic arrest and cell death. Cell death associated with mitosis has been observed in a few experimental systems involving damage responses. For example, Huang et al. (2000b) show that arsenite induces cell death associated with mitosis in HeLa-S3 cells. Certain lymphoid cell lines respond to ionizing radiation by undergoing mitosis-associated cell death (Endlich et al., 2000) . Our electron microscopy data suggest that E6 cells are arrested and die at prophase or prometaphase of mitosis. This points to a role of mitotic promoting factors or spindle assembly checkpoints in the death of E6 cells. Normal mitosis requires activation of mitotic promoting factors containing cyclin B and cdc-2 and is overseen by the spindle assembly checkpoints (Clarke and Gimenez-Abian, 2000; Ohi and Gould, 1999; Russell, 1998; Zachariae, 1999) . While an absence of cdc-2 kinase (histone kinase) activity results in G2 or M arrest, premature activation of cdc-2 kinase can cause apoptosis (Shi et al., 1994) . Our time course studies of total cell population did not reveal cyclin B elevation (Figure 6a) , arguing against the theory of premature activation of cdc-2 kinase in E6 cell death. On the other hand, the detached fraction showed elevated activity of cdc-2 kinase (histone kinase), Gould, 1999; Russell, 1998; Zachariae, 1999) . This hints at the involvement of spindle assembly checkpoints in observed mitotic arrest and cell death in this study. Morphological changes of mitosis may contribute to the death of damaged cells. In adherent cultures such as HDFs, the first visible change of mitosis as well as apoptosis is the cell rounding. Cell death resulting from detachment is termed anoikis (Ruoslahti and Reed, 1994) . Overexpression of bcl-2 blocks cell detachment and anoikis (Frisch et al., 1996) . Anoikis has been found with a large number of cell types including fibroblasts (Meredith and Schwartz, 1997) . Cell attachment and spreading onto the culture matrix cause a profound change in cell shape and geometry. The geometry of cells has been shown to play a critical role in determining cell life versus death (Chen et al., 1997) . While a reduction in cell surface area increases the potential for cell death, an increase of cell surface area does the opposite (Chen et al., 1997) . Since rounding and detached cells have a smaller surface area, whether the geometric change contributes to death of mitotic cells remains to be determined.
We report here a type of cell death with a dependence on mitosis and caspase activation in the absence of some major morphological features of apoptosis. The delay in caspase activation in E6 cells compared to the wt (pLXSN) or E7 cells suggest a possible role of p53 in caspase activation. This postulation is supported by several recent reports showing a role of p53 in regulating mitochondrial cytochrome c release and early activation of caspases (Ding et al., 1998; Lee, 1998; Li et al., 1999; Moll and Zaika, 2001; Schuler et al., 2000) . Nevertheless, regardless of whether or not p53 is present, oxidants can cause mitochondrial cytochrome c release by disturbing mitochondrial function (Huang et al., 2000a; Quillet-Mary et al., 1997; Stridh et al., 1998; Tada-Oikawa et al., 1999) . Cytochrome c in the cytosol activates caspase-9 after binding to Apaf-1 and initiates a cascade proteolytic cleavage. Our caspase inhibitor studies have demonstrated the importance of caspase activation in this mitosis associated cell death in E6 cells. 
Materials and methods
Chemicals
Expression of HPV E6, E7, E6 mutant or Bcl-2 gene
The HPV type 16 E6 and E7 retrovirus producing cells were obtained from the American Type Culture Collection (Rockville, MD, USA). These producing cells were established by transfecting PA317 packaging cells with pLXSN vectors containing the expression cassette of E6 or E7 gene (Halbert et al., 1991) . The producing cells of the p53-binding defective E6 mutant were established by stable transfection of PA317 packaging cells with pLXSN vector containing an E6 mutant gene. Cysteine at position 106 was replaced with arginine in the C106R E6 mutant (Dalal et al., 1996) . The vector pLXSN carries a G418 resistant marker and allows the selection of cells that express the wt or mutant HPV genes. The producing cells of the bcl-2 virus were established by stable transfection of PA317 packaging cells with the pBabe vector containing a puromycin resistant gene and the full-length bcl-2 gene coding sequence. Exponentially growing IMR-90 cells (PDL417) were infected with retroviruses carrying E6, E7, E6 mutant or bcl-2 genes. The transduction efficiency is almost 100% with the retroviruses for E6, E7, or E6 mutant genes and about 60% with the retrovirus for the bcl-2 gene. The infected cells were selected 2 -3 weeks for resistance to 500 mg ml G418 or 3 mg ml puromycin before being used for experiments.
Caspase-3 activity assay
Detached cells were collected by centrifugation and were combined with attached cells from the same dish unless otherwise indicated. The combined cells were dissolved in 300 ml of lysis buffer (0.5% Nonidet P-40, 0.5 mM EDTA, 150 mM NaCl, and 50 mM Tris pH 7.5). Protein concentrations in cell lysates were measured by the Bradford method according to the manufacturer's instruction (Bio-Rad, Hercules, CA, USA). Cell lysates containing 10 or 26.6 mg of protein were incubated for 1 h at 378C with 40 mM of Nacetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (Ac-DEVD-AMC, Alexis Biochemicals, San Diego, CA, USA) in 200 ml reaction buffer (10 mM HEPES, pH 7.5, 0.05 M NaCl and 2.5 mM DTT). The released AMC was measured using a 96-well fluorescence plate reader (Cambridge Bioresearch Model 7620) with an excitation wavelength of 365 nm and an emission wavelength of 450 mm. The data were expressed as an activity ratio by comparing the fluorescence level of treated versus control samples or were expressed as the relative fluorescent unit (RFU).
Quantification of detached cells and cells taking up Trypan blue
Trypan blue dye was added to cells in six-well plates to a final concentration of 0.8% in the culture medium. Cells were viewed under a phase contrast microscope for scoring detached cells versus attached cells. At least 300 cells were scored from each view and three views were chosen randomly for scoring the proportion of detached or attached cells. Within one view, after scoring the detached versus attached cells, the microscope was switched to regular light without phase contrast to count for the number of the cells dyed blue.
The cells dyed blue were only found in the detached fraction. The number of trypan blue positive cells was expressed as a percentage by dividing it with the total number of cells within the view.
Annexin V binding assay
Annexin V-FLUOS was purchased from Roche Applied Science (Indianapolis, IN, USA). Cells were seeded onto coverglasses in 24-well plates. Detached cells in the supernatant were collected by 5 min centrifugation at 1000 r.p.m. Detached cells and adherent cells on the coverglass were washed in phosphate buffered saline (PBS). Annexin V labeling solution (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 5 mM CaCl 2 ) was added to the detached cells or adherent cells (25 -100 ml per sample). The cells were examined under a Nikon E800m fluorescent microscope for fluorescent staining and the images were acquired using a Hamamatsu C5180 digital camera with the Adobe Photoshop software.
Propidium iodide (PI) staining for scoring nuclear condensation or fragmentation
The detached cells in the supernatant were collected by 10 min centrifugation at 3300 r.p.m. and were pooled to the same group of cells detached by trypsinization. The cells were fixed in 25% ethanol containing 15 mM MgCl 2 . After RNase digestion (0.1 mg RNase A and two units of RNase T1 per ml at 378C for 1 h), the cells were stained with 0.5 mg/ml PI for at least 30 min. Such low concentrations of PI give rise to dim fluorescence in normal nuclei and allow us to distinguish condensed or fragmented nuclei. Condensed or fragmented nuclei versus normal nuclei were scored under a fluorescence microscope.
Western blot analysis
Cells in 100 mm dishes were lysed by scraping in Laemini buffer (0.5 M Tris, pH 6.8, 2.4% (w/v) SDS, 50% (v/v) glycerol with protease inhibitors). The protein concentration was determined by the bicinchoninic acid (BCA) method (Pierce Inc, Rockford, IL, USA). Proteins were separated by SDS polyacrylamide gel electrophoresis using a mini-Protean II electrophoresis apparatus (Bio-Rad, Richmond, CA, USA) run at 100 volts. The separated proteins were transferred to PVDF membranes (Millipore, Bedford, MA, USA) by electrophoresis as previously described (Chen et al., 2000a) . The membrane was incubated with anti-caspase-3 (H-277 polyclonal), anti-PARP (H-250 polyclonal), anti-cyclin B1 (GNS1 monoclonal), or anti-cdc-2 (D-12 monoclonal, all 1 : 100 dilution, from Santa Cruz Biotechnology, CA, USA), or anti-p53 antibody (Ab-6, 1 : 100 Oncogene Science, NY, USA) antibody. The bound antibodies were detected using secondary antibodies conjugated with horseradish peroxidase and an enhanced chemiluminescence reaction.
Flow cytometry analysis for cell cycle distribution
Cells floating in the medium or adherent cells detached by trypsin treatment were collected by centrifugation at 3300 r.p.m. The cells were fixed with 25% (v/v) ethanol containing 15 mM MgCl 2 . After RNase digestion (0.1 mg of RNase A and two units of RNase T1/ml at 378C for 1 h), the cells were incubated in 50 mg/ml PI (1610 6 cells/ml) for at least 30 min before analysis by the flow cytometer (Becton Dickinson FACSorter) using CELLQuest software.
Measurement of histone kinase activity
Cells were released from culture substrates by Trypsin treatment and were precipitated by centrifugation at 3300 r.p.m. after inactivating Trypsin using serum. Cell pellets were washed with PBS before being resuspended in a lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 15 mM MgCl 2 , 60 mM b-glycerophosphate, 15 mM NP-40, 0.1 mM NaF with freshly added 0.5% aprotinin, 0.1 mM Na vanadate, 10 mg/ml soybean trypsin inhibitor, 1 mM PMSF, 0.1 mM benzamide, 10 mg/ml leupeptin and 0.5 mM DTT). The nuclei were collected after centrifugation at 13 000 r.p.m. for 10 min. Nuclei were extracted three times in protein A buffer (50 mM Tris-HCl, pH 7.4, 250 mM NaCl, 5 mM EDTA, 5 mM EGTA, 5 mM NaF and 0.5% NP-40 and freshly added 0.5% aprotinin, 0.2% soybean trypsin inhibitor, 10 mg/ml leupeptin, 1 mM PMSF and 0.1 mM benzamide). Extracts containing 370 mg protein were incubated with 5 ml anti cdc-2 antibody (Santa Cruz Biotechnology, CA, USA) for 4 h at 48C on a rocker platform. Protein A sepharose beads were added for overnight incubation at 48C with rocking. The immunoprecipitates were collected by centrifugation at 5000 r.p.m. and were used for histone H1 kinase assay by incubating 30 min at 378C in a reaction mixture containing 40 mg histone H1 (Upstate Biotechnology, Lake Placid, NY, USA), 5 mCi [ 32 P-g]ATP, 22.5 mM ATP and kinase reaction buffer (50 mM Tris-HCl, pH 7.4, 15 mM MgCl, 1 mM NaF, 60 mM b-glycerophosphate, 5 mM EGTA, 0.5 mM DTT, and 10 mM Na vanadate). The phosphorylated histone H1 was separated from cellular proteins by SDS-polyacrylamide gel electrophoresis and was detected by autoradiography.
Electron microscopy
Cells floating in the media were harvested by centrifugation and were fixed with 3% glutaraldehyde in 0.1 M phosphate buffer overnight. After fixation, the cells were incubated in 1% OsO 4 in 0.1 M phosphate buffer followed by a buffer wash and then a graded series of dehydration by ethanol. The cells were then placed in a 1 : 1 mixture of Spurr's epoxy and ethanol overnight. Final infiltration was in pure Spurr's epoxy overnight, followed by embedding in BEEM capsules and polymerization at 608C for 12 h. Ultrathin sections (70 -100 nm) for transmission electron microscopy were cut by an ultramicrotome (Sorval MT-2B or Reichert Ultracut E), mounted on 200 mesh copper grids and stained with Reynolds lead citrate and 5% methanolic uranyl acetate. Grids were examined with a Phillips CM-12 transmission electron microscope.
